• Premise of the study: Predicting species responses to climate change has become a dynamic fi eld in global change research.
Predicting how populations and species respond to changes in climatic conditions has become a dynamic fi eld of research (e.g., Davis et al., 1986 ; Webb, 1986 ; Prentice et al., 1991 ; Svenning and Skov, 2004 ; Thomas et al., 2004 ; Beaumont et al., 2011 ; Bertrand et al., 2011 ; Dawson et al., 2011 ; Thuiller et al., 2011 ; La Sorte and Jetz, 2012 ; VanDerWal et al., 2012 ; Williams et al., 2012 ; Ordonez and Williams, 2013 ) . As evidence for broad-scale alterations in ecological systems and evolutionary processes accumulates, determining whether the rate of species distribution shifts will be able to keep pace with the projected rate of climate velocity becomes a critical question in evaluating the future of biodiversity.
One of the crucial questions in the debate on ecological effects of climate change is whether species will be able to adjust fast enough to keep up with the rapid pace of current changing climate. So far, global scale meta-analyses covering many taxonomic groups have shown that organisms have responded to current changing climatic conditions by shifting their ranges (i.e., to higher elevations and northern latitudes, Parmesan and Yohe, 2003 ; Chen et al., 2011 ) . However, species responses to climatic changes are more complex than simple responses to rising temperatures; as responses to environmental changes in space (e.g., climate tracking) and time (e.g., adjustment to new conditions) are also infl uenced by rates of dispersal ( Davis et al., 1986 ; Svenning and Skov, 2004 ; Schloss et al., 2012 ; Svenning and Sandel, 2013 in this issue), species interactions ( Van der Putten et al., 2010 ; Urban et al., 2012 ; Van der Putten, 2012 ; Ettinger and HilleRisLambers, 2013 in this issue) and sensitivity to multiple climatic factors ( Zuckerberg et al., 2009 ; La Sorte and Jetz, 2012 ; VanDerWal et al., 2012 ; Zhu et al., 2012 ; Svenning and Sandel, 2013 
in this issue).
Two assumptions have been at the foundation of most efforts measuring the response of a taxon or a group of taxa to changes in climatic conditions. First, populations are at equilibrium with environmental conditions on continental scales and over several thousand years ( Webb, 1986 ) . Second, changes in climatic conditions exceed population-level instantaneous or short-term phenotypic response (via trait or phenological variability) so that changes in climatic conditions will require the geographic adjustment of individuals, populations, or species, as the newly realized environment no longer encompasses suitable climatic spaces. As a result, taxa are expected to respond to these changes in the short-term by climatic tracking via long-distance migration [Vol. 100 niche may occur over decadal and up to millennial intervals ( Prentice et al., 1991 ; Svenning and Sandel, 2013 in this issue) resulting in realized climatic niches either "lagging behind" ( Svenning and Skov, 2004 ; Svenning et al., 2008 ) or "overshooting" ( Parmesan and Yohe, 2003 ; Chen et al., 2011 ) the changes in climatic conditions. In summary, it is unclear how species have responded during past periods of rapid climate change (late Quaternary), especially since most works have not factored the stability of speciesenvironment relationships (i.e., climatic-niche conservatism). Furthermore, characterizing the change or stability of speciesclimate relationships is no trivial matter as indicated by the diversity of methodological approaches used to evaluate how the realized climatic space that a taxon occupies changes as climatic conditions fl uctuate over time (see Broennimann et al., 2012 ; La Sorte and Jetz, 2012 ; Veloz et al., 2012 ; Zhu et al., 2012 for some examples). From this large pool of methodologies, I used La Sorte and Jetz (2012) framework to describe the functional response of realized climatic niches of late Quaternary vegetation to changes in climatic conditions over the last 16 kyr. The goal is to identify which type of functional response (full-niche tracking, lagged-niche tracking, and no-niche tracking; Fig. 1 ) summarizes the observed changes in the realized climatic niches of eastern North America late Quaternary vegetation.
In this study, I assess taxon specifi c changes in realized climatic niches (hereafter temporal trajectories) under late Quaternary climate change (the last 16 kyr) by answering three questions: (1) How effectively have realized climatic niches of plants changed in response to changing climate over the last 16 kyr? (2) Was the same response to changes in climatic conditions observed across different dimensions of the realized climatic niche? (3) Is the response to a specifi c climatic variable ( Huntley, 1991 ; Clark et al., 1998 ; Pearson, 2006 ) . Meanwhile, in the long-term, taxa are expected to respond by climatic niche adjustments via plasticity ( Charmantier et al., 2008 ) and/or evolutionary modifi cations (e.g., selection favoring highly plastic individuals; Nussey et al., 2005 ) . However, the relative contribution of each of these factors depends on the phenotypic plasticity of the original population.
Changes in the realized climatic niche in response to rapid changes in climatic conditions refl ect the joint effect of longterm dynamic equilibrium with climate ( Webb, 1986 ; Williams et al., 2004 ) and short-term transitional dynamics ( Prentice et al., 1991 ; Svenning and Sandel, 2013 in this issue). Evidence from paleoecological research has pointed to the importance of climatic tracking (i.e., changes in the realized climatic niche, defi ned as the projection of the geographical distribution of a taxon in a multivariate climatic space without reference to the particular mechanism that limits a species fundamental niche; Colwell and Rangel, 2009 ; Veloz et al., 2012 ) as the most common response to changes in environmental conditions. Climatic-niche tracking is supported by a number of documented Quater nary distributional shifts of tens to hundreds of kilometers since the last glacial maximum (~18 kyr ago [ka]) in Europe ( Huntley, 1991 ; Svenning and Skov, 2004 ; Giesecke et al., 2010 ) , and in North America ( Webb, 1988 ; Williams et al., 2004 Williams et al., , 2012 Ordonez and Williams, 2013 ) in response to changes in climatic conditions. The fossil records provide additional evidence that plants have both tracked climatically suitable conditions on continental scales and are in dynamic equilibrium with climate on time scales of several thousand years ( Huntley, 1991 ; Shuman et al., 2002 ; Williams et al., 2002 ; Birks and Birks, 2008 ; Ordonez and Williams, 2013 ) . However, transitory disequilibrium in the realized climatic Fig. 1 . Schematics of three types of realized climatic niche responses (changes in environmental space) expected in response to changes in climatic conditions over the last 16 kyr. As realized environmental conditions change over time (gray area), the realized climatic niche of a taxon is expected to follow one of three alternative trajectories. No-niche tracking (a and b; dotted lines): The taxon occupied climatic space changes over time in the same way that changes in climatic conditions are occurring. Full-niche tracking (e; solid line): Taxon retains a stable association with the climatic conditions over time, independently of how environmental conditions change over time, hence retaining its realized climatic niche. Lagged-niche tracking (c and d; dashed lines): The realized climatic niche of a taxon changes over time in response to changes in realized climatic conditions (gray area), but this change goes at a slower pace than climatic conditions are changing either due to the emergence of climactic regions with no analogs in the past (vertically dashed gray areas), or the disappearance of past climatic areas as no future climatic analogs are observed (horizontally dashed gray areas). the standardized assessment of the climatic variability across sampled grid cells in eastern North America, and across each point in time since the Last Glacial Maximum. By describing the mean realized environmental conditions across grid cells with observations at a given time, I could summarize changes in climatic conditions accounting for changes in ice coverage (i.e., receding of the Laurentide ice sheet).
Second, spatial and temporal gradients of climatic variation were assessed using the velocity of climate change metric of Loarie et al. (2009) . Similar to determinations by Ordonez and Williams (2013) , the velocity of change of climatic variables was determined for three specifi c time periods of abrupt climate changes during the last deglaciation (16 to 14 ka, 14 to 12 ka, and 12 to 10 ka, which roughly correspond, respectively, to the Bølling-Allerød warming and the initiation and termination of the Younger Dryas) and three time periods during the Holocene (10 to 7 ka, 7 to 4 ka, and 4 to 1 ka). Estimates of local velocity of climate change are the ratio of the projected temporal rate of change divided by the local spatial gradient for the same climate factor (i.e., Δ Climatic Variable per decade ÷ Δ Climatic Variable per km = km/decade). Spatial gradients (i.e., Δ Climatic Variable per km) were calculated from a 3 × 3 grid cell neighborhood using the average-maximum technique ( Burrough and McDonnell, 1998 ) . Temporal gradients (i.e., Δ Climatic Variable per decade) were determined for each time period as the slope of a linear model through all time steps in the period of interest. Regressions are based on the change in climatic conditions over the duration of late Pleistocene (2000 yr) or Holocene (3000 yr) periods of interest. To account for the differences in ice-free areas between the start and end periods, spatial representations and statistical summaries of climatic velocities for evaluated time periods were based only on ice-free areas at both the start and end times of the evaluated period. In full-niche tracking, the realized climatic niche (i.e., projection of geographical distributions in a multivariate climatic space) remains stable in environmental space as the distribution of a taxon changes through geographic space in response to climate change. In no-niche tracking, the realized climatic niche moves in environmental space as the distribution of a taxon remains geographically fi xed or moves independently of climate. In lagged-niche tracking, the realized climatic niche of a taxon changes through environmental space in response to climate change, but does so at a slower pace than the change in environmental conditions over time. The expected disparity between realized climatic niches and climatic conditions in the lagged-niche tracking scenario can be the result of migration lags, differences between leading and trailing edges response rates to new environmental conditions, or changes in realized niches due to the emergence of new climatic conditions (vertically dashed areas in Fig. 1 ) or the disappearance of past climates (horizontally dashed areas in Fig. 1 ). These three scenarios describe alternate temporal trajectories of the realized climatic niche of a taxon, providing a baseline to assess the response of realized climatic spaces to changes in environmental conditions (past and future), the disappearance of past climatic conditions or the emergence of future climatic conditions that have no analog in the past.
The expected response under a full-niche tracking scenario was determined by defi ning the mean environmental conditions across the grid cells where the taxon has occurred over the last 16 kyr. This approach documented the expected response if the realized climatic niche of the target taxon remained the same from 16 ka to 1 ka. The no-niche tracking expectation was determined using the sampled grid cells where the taxa occurred at the earliest time (16 ka), extracting the environmental conditions from those same grid cells for each subsequent period from 15 ka to 1 ka, and then modeling the changes in climatic conditions in these grid cells over the last 16 kyr. This approach determined how the realized climatic niche of each taxon would change over time if the target taxon retained its 16 kyr distribution over the entire evaluated time (16 ka to 1ka). In contrast to the full-niche tracking and no-niche tracking expectations, there are many possible variations on how to defi ne a lagged-niche tracking scenario, as delayed responses in realized climatic niches can potentially emerge from either migration-lags, differential response of the leading and trailing migration fronts, or the emergence of new climatic conditions the evaluated taxon has never experienced. For this reason, no a priori expectation for this scenario was generated.
Expected changes in realized climatic niche dimensions during the late Quaternary (i.e., the temporal trajectories of individual dimensions of the realized consistent across taxa? Answering these questions would contribute to the development of conservation strategies by establishing a framework to assess the response potential of different plant taxa under both rapidly and slowly changing climatic conditions by improving the predictive value of modeling efforts and fi nally by providing a biological context for the response of species to changing climatic conditions.
MATERIALS AND METHODS
Pollen and climatic data -Fossil distributions and relative abundances of evaluated taxa were obtained from the Blois et al. (2011) revision of the NEOT-OMA fossil pollen database (http://www.neotomadb.org), which was also recently used to model past changes in realized niches of plant taxa and the implications of these changes for distribution modeling and reserve prioritization Veloz et al., 2012 ; Williams et al., 2012 ; Ordonez and Williams, 2013 ) . Pollen relative abundances were summarized as the sum of all upland pollen types within a 50 × 50 km grid cell (interpolations were carried out between 16 ka and 1 ka as summaries did not extrapolate beyond the limits of the pollen samples or the available age controls, and factors other than climate determine the response in realized climatic niches between 1 ka and the present) and cross-referenced with downscaled and debiased paleoclimatic simulations based on the CCSM3 climate model at millennial time intervals (downscaling and debiasing procedure explained in Veloz et al., 2012 ) . The analysis focused on 20 plant taxa ( Abies , Acer , Alnus , Ambrosia , Artemisia , Betula , Carya , Corylus , Fagus , Fraxinus , Iva , Larix , Ostrya/Carpinus , Picea , Pinus strobus , Pinus subg. Pinus , Populus , Quercus , Salix , and Ulmus ), all at the generic level. The selection criterion for inclusion of a taxon in this study was the presence of it across the last 16 kyr at 10 or more locations in each time interval (minimum n = 10 grid cell locations per species/time period). Presence or absence of taxa in a grid cell was established by defi ning the grid cells where relative abundance was above a 0.5% background count threshold (equivalent to requiring at least two pollen grains in a standard 400-grain count). This threshold is adequate to defi ne patterns of presence across all taxa as indicated by studies showing the relation between pollen and plant relative abundances (e.g., Delcourt et al., 1984 ; Paciorek and McLachlan, 2009 ) .
The relation between taxa occurrences on each sampled grid cell and environmental conditions representing the period of interest was established using the century-long climate means of the debiased SynTrace transient simulations of the CCSM3 climate model (a physical model of the atmosphere that is independent of fossil-pollen data; Liu et al., 2009 ) of Veloz et al. (2012) . From these transient simulations, century-long climate means spaced 1000 years apart were extracted and summarized as the millennial means. This work focuses on annual (mean annual temperature and total annual precipitation), seasonal (winter, spring, summer, and fall mean temperature and total precipitation), and extreme climatic variables (minimum winter temperature and maximum summer temperature). These climate variables were chosen because they show low levels of collinearity (variance infl ation factors between variables lower than 10; as indicated by Zuur, 2009 ), represent controls of seasonal temperature and moisture availability on plant distributions and abundance, are robust features of climatic model simulations, and because they are compatible with prior works linking occurrences and changes in occupied climatic space of plant species over the Quaternary. Selected variables are also commonly used as descriptive variables of a taxon climatic niche in species distribution models (SDMs) and in studies of species-habitat associations. Moreover, by characterizing the climate conditions in each time step using these variables, it was possible to determine the response of the realized climatic niche to both mean climatic conditions (seasonal and annual means) and extreme conditions (winter minimums and summer maximums) representing the edges of taxa climate tolerances.
Changes in late Quaternary climatic conditions -Changes in climatic conditions over time were explored using two complementary approaches. From a biological perspective, the two proposed estimates provide a baseline to evaluate the expected change in realized climatic niches in response to changes in the realized environmental conditions over the late Quaternary.
First, the time-series for each climatic condition was modeled as the change over time using linear mixed effects modeling (LMM), where temporal-replication of sampled grid cells was included as a random effect. Summarizing the mean climatic condition in this way for each of the variables of interest allowed and β 2 ≠ 0) and contained the coeffi cients from no-niche tracking expectation (observed: β 1 and β 2 90% CI contained the no-niche tracking expected β 1 and β 2 , respectively). The no-niche tracking expectation was subsequently classifi ed in those models that are asymptotic with time (that is models that include both β 1 and β 2 ) and those that continually change with time (that is, models that include either β 1 or β 2 ).
Last, to determine whether the observed climatic temporal trajectories showed a consistent full-niche, no-niche, or a lagged-niche tracking across climatic variables, a χ 2 test was used to determine any deviations from random expectation in the proportion of response types for each climatic variable (proportion of taxa within each climatic variable expressing full-niche, no-niche, or a lagged-niche tracking) and across climatic variables (proportion of taxa across all climatic variables expressing either full-niche, no-niche, or laggedniche tracking).
RESULTS
Spatial trends and velocities of climatic variables -Evaluated climatic factors in all sites sampled between 16 ka and 1 ka showed a consistent tendency toward warmer temperatures and higher precipitation ( Fig. 2 ) . The largest between-period changes occurred during times of glacial cover retreat (16 ka and 10 ka). During this period, evaluated variables showed faster than average climatic velocities as the Laurentide ice sheet receded (Appendix S1; see Supplemental Data with the online version of this article) opening new areas for colonization. When integrated across all climatic variables, portions of climate space that existed in the past (e.g., climatic conditions realized 16 ka) disappeared over time, creating climatic areas with future analogs (as shown in Fig. 1 , horizontal dashed areas). Similarly, portions of climate space realized 1 ka appeared over time (as shown in Fig. 1 , vertical dashed areas) . The disappearance and appearance of these areas have the potential to prevent past realized climatic niches from being conserved as climatic conditions change and new conditions emerge.
Large between-period variability (i.e., change between two successive time periods) was observed across all evaluated climatic factors, particularly during the late Pleistocene (16 ka and 10 ka; Fig. 2 ) when median climatic velocities were faster than during the Holocene (10 ka to 1 ka, Fig. 2 ). However, betweenperiod variability in modeled climatic conditions tended to be smaller after 10 ka (ca. the start of the Holocene) as indicated by plateauing of mean climatic conditions between 10 ka to 1 ka ( Fig. 2 ) . The climatic realizations used in this study are snapshots of the expected climatic conditions during the evaluated periods (mean for millennial bins, based on averages of decadal climatic simulations). Consequently, the evaluated changes in climatic realizations for the last 16 kyr do not capture higherfrequency climatic variability (centennial or decadal variability) but represent expected average climatic trends at millennial scales.
Median climatic velocities and their variability over the last 16 kyr are summarized in Table 1 , and the spatial distribution is illustrated in Appendix S1 (see Supplemental Data with the online version of this article). Across all variables, changes during the late Pleistocene (16 to 10 ka, when median velocities ranged from 0.16 to 3.71 km/decade) were faster than changes during the Holocene (10 to 1 ka, when median velocities ranged from 0.15 to 0.91 km/decade), when variability in climatic conditions between time periods was smaller ( Fig. 2 ) . The period of faster climatic change was between 14 ka and 12 ka (ca. the Younger-Dryas initiation) with median velocities of climatic change ranging from 0.84 to 3.7 km/decade ( Table 1 ) . Climate climatic niche) were determined for the no-niche tracking and full-niche tracking scenarios (as described in Fig. 1 ) by modeling how the mean environmental conditions of occupied sites by each taxon, or across all evaluated taxa, changed over time. To accomplish these goals, a two-step analysis was used to assess the temporal trajectory of evaluated climatic dimensions: (1) temporal trajectories were evaluated for each taxon independently, and (2) they were evaluated for all taxa grouped together.
For each taxon, expectations of climatic temporal trajectories for the noniche tracking scenario ( Fig.1 ; trajectories a and b) were implemented using an ordinary least squares (OLS) model, representing the best combination of both linear and quadratic terms (i.e., y = β 0 + time β 1 + time 2 β 2 + e ) describing the changes over time in climatic conditions at the sites where the taxon was observed at the earliest time period (16ka). An intercept-only OLS model (i.e., y = β 0 + e ), based on the average climatic information across all the grid cells where a taxon occurred during the period 16 ka to 1 ka, described the full-niche tracking expectation ( Fig.1 ; trajectory e) for each taxon.
Expected mean response trajectories across all taxa (for both the no-niche and full-niche tracking scenarios) were summarized using a linear mixed effects model (LMM). This model describes the changes in climatic conditions (response variable) over time (predictor variable), viewing intercept and slope of each taxon as random factors in the analysis. The use of this modeling technique was preferred because it accounts for the repeated measurements taken over time for each taxon. No-niche tracking LMM models started with a full model containing linear and second-order polynomial fi xed effects and random effects representing the effect of time across all sampled taxa (i.e., y = β 0 + time· β 1 + time 2 · β 2 + b 0 + time· b 1 + time 2 · b 2 + e ), which defi ned the basis for the selection of random effects using restricted maximum likelihood (REML) log-likelihood ratio tests of nested paired models. Fixed effects were then chosen, using maximum likelihood-based (ML) log-likelihood ratio tests of nested paired models, with a backward step-wise procedure. Full niche tracking LMM models were framed as intercept-only models, viewing intercept and slope of each taxon as random factors across evaluated time periods (a repeated measures model). All analyses were conducted using the R nlme library ( Pinheiro et al., 2009 ; R Development Core Team, 2009 ).
Modeling observed responses of realized climatic niches of plant taxa to past changes in climatic conditions -Observed climatic temporal trajectories were determined based on all the grid cells with fossil pollen occurrences over the last 16 kyr. Climatic conditions for a time period were summarized as the weighted-average climatic realizations for a time period (weights based on pollen relative abundance). This resulted in each taxon having one average value per time period, for each of the evaluated climatic conditions (a total of 16 values for each taxon-climate combination). The use of a weighted-average approach ensured that the contribution of each site to the overall climatic mean is constrained by the relative pollen abundance at each grid cell. In this way, the climatic mean used for the analysis is a closer representation of the most suitable climatic conditions (optimal realized climatic niche) of a taxon across its geographic range; hence, documenting the observed response and how the realized climatic niche of each taxon changed over time.
The trajectory over time of the realized climatic niche of each taxon was individually evaluated using an OLS approach. For comparisons across taxa, OLS regression coeffi cients were scaled at the mean intermillennial variability (i.e., intercepts set as β 0 = 0 by centering the observations). The response trajectories of realized climatic niche across all taxa were modeled using a REML-LMM that started with a full combination of linear and quadratic terms. Then, a backward stepwise model selection procedure was used to defi ne the parameter combination of the best model. Diagnostic plots were examined for both individual species (OLS) and all taxa (REML-LMM) models, to evaluate whether the distributional assumptions for the model residuals and random effects were met in every case.
Observed temporal trajectories of realized climatic niche dimensions were tested for differences between the no-niche and the full-niche tracking expectations by determining the overlap between observed regression coeffi cients (i.e., β 0 , β 1 , and β 2 ) of temporal trajectories, and the 90% confi dence intervals of the two expected response scenarios (observed coeffi cients differ from the expected responses). Given the temporal uncertainties in the age models of the pollen data and the climatic simulations, a less restrictive contrast criterion was selected (i.e., a 90% CI rather than the usual 95%), thus providing a conservative assessment of biologically important associations worthy of consideration.
A full-niche tracking response was inferred when the 90% confi dence intervals of the linear and quadratic regression coeffi cients of observed responses contain zero (i.e., β 1 = 0 and β 2 = 0), indicating an intercept only model. Alternatively, no-niche tracking was inferred when the 90% confi dence intervals of the linear or quadratic regression coeffi cients did not contain zero (i.e., β 1 ≠ 0 Taxon-specifi c responses to changing environmental conditions -Almost all taxa showed a signifi cant effect of time on realized climatic niche dimensions (temporal trajectories showing a signifi cant linear and quadratic responses; Table 2 and Appendix S2, see online Supplemental Data). Shapes of temporal trajectories were similar across most of the 20 taxa for temperature velocity median estimates for Pleistocene time periods were consistently higher than a 16 ka to 1 ka integrated median climate velocity (i.e., climate velocity estimate encompassing the last 16 ka, calculated similarly to those in Sandel et al., 2011 ) , while Holocene median velocity estimates were closer to the median velocity of the full time period in most cases. χ 2 test of proportion of taxa in each category across evaluated climatic factors, Table 2 ). The proportion of taxa showing either no-or full-niche tracking signifi cantly changed between different climatic factors. Temporal trajectories of realized climatic-niche dimensions of the majority of species (50 to 90%) indicated a lagged-niche tracking response that either plateaued or showed a continuous change ( p < 0.05 for χ 2 tests for each climatic variable; Table 2 ). Overall, the responses of most taxa to late Pleistocene climate change showed a functional form different than the one expected based on a no-niche tracking and full-niche tracking response (Appendix S2). When integrated across climate dimensions, the observed responses refl ect a lagged-niche tracking of climatic conditions (case c in Fig. 1 ) either due to changes in the realized climatic niche (induced by no-analog environments) and/or migrations lags (distributions that do not change as fast as climate). In comparison, during the Holocene, realized climatic niches showed a stable trend (a flat relation between climatic conditions and climate). In summary, the realized climatic-niche response to changes in climatic conditions over the last 16 kyr was one of lagged climatic-niche tracking over the late Pleistocene and stability during the Holocene. This resulted in signifi cant changes in the realized climatic niche of taxa over time, as the climatic space occupied by species did not return to conditions occurring 16 ka ( Fig. 3 ; Appendix S2). maximum-minimum, seasonal, and annual conditions ( Fig. 3 ) but showed substantial variation across seasonal precipitation totals (e.g., winter and fall total precipitation; Fig. 3 ). The observed temporal trajectories of the realized climatic niches showed asymptotic response curves or hump-shaped relations (indicated by signifi cant linear and quadratic regression coeffi cients) between time and climatic factors for almost all taxa ( Fig. 3 ; Appendix S2) . Only a few of the taxa showed a stable temporal response to changes in climatic conditions (i.e., fi xed realized climatic niche relative to climate variables). Furthermore, observed temporal trajectories for each taxon changed considerably across climatic variable type ( Fig. 3 ; Appendix S2 ).
Observed realized climatic-niche temporal trajectories consistently differed from those expected under a full-niche tracking trajectory (95% of taxa temporal trajectories showed different coeffi cients than those expected under scenario e in Fig. 1 ) , or a no-niche tracking expectation (shape coeffi cients although signifi cant were different from the asymptotic [case a in Fig. 1 ] and continuous [case b in Fig. 1 ] change scenarios for 45-95% of the taxa), hence, pointing to a generalized lagged-niche tracking trajectory ( Table 2 ; Appendix S2). Although more species followed the no-niche tracking asymptotic scenario (on average 50% of the taxa according to the climatic variable; Table 2 ) than the full-niche-tracking scenario, there was a consistent trend of lagged-niche tracking across taxa ( p < 0.05 for all July 2013] ORDONEZ-LAGGED CLIMATIC-NICHE TRACKING DURING THE PLEISTOCENE
DISCUSSION
The results presented here indicate a quantitative relation between changes in realized climatic niches and realized environmental conditions as climatic conditions shifted from late glacial conditions. Changes in realized climatic-niche dimensions across taxa are characterized by a lagged response to changes in climatic conditions (i.e., realized climatic niches change but at a slower pace than climate). Furthermore, the rate of response to these changes is highly variable among taxa, perhaps due to North American plants experiencing different degrees of exposure (i.e., the extent of climate change likely to be experienced by a taxon as defi ned by the rate and magnitude of climate change; Dawson et al., 2011 ) to past climate change and/or variation in their sensitivity and adaptive response to climatic changes Dawson et al., 2011 ; Bellard et al., 2012 ) . Rates of change in the realized climatic conditions over the last 16 kyr generally show a fast, but lagged adjustment, particularly between 16 and 10 ka (late Pleistocene, Fig. 2 ), when North America transitioned from a glacial to a postglacial state ( Williams et al., 2004 ; Schmittner et al., 2011 ) . This lagged pattern persisted until the start of the Holocene (10 to 1ka BP) as variability in environmental conditions during this period was not as pronounced (changes in climatic conditions during the Holocene are smaller than during the late Pleistocene), allowing plant taxa to maintain a stable postglacial Responses to changing environmental conditions across all taxa -Summaries of observed climatic responses during the Pleistocene across all taxa (16 to 11 ka panels in Fig. 4 ) showed that temperature niches were not stable and that these tracked changes in climatic conditions but at a slower pace than climate changed. However, precipitation niches were stable from 16 to 11 ka ( Fig. 4 ) . On the contrary, during the Holocene (11 to 1 ka panels in Fig. 4 ) both temperature and precipitation spaces occupied were stable. Signifi cant random slopes in LMM models of realized climatic niches temporal trajectories indicated how trends and shape of the temporal trajectories signifi cantly differed among taxa (online Appendix S4). When compared to the expected trajectories based on a no-niche tracking (red lines in Fig. 4 ) and a full-niche tracking scenario (blue lines in Fig. 4 ) , observed temporal trajectories showed a lagged-niche tracking across all climatic factors (hump-shaped temporal trajectories [black lines] that were consistently below the no-niche tracking expectations; Fig. 4 ) . The cross-taxa temporal trajectories were signifi cantly different from the full-niche tracking expectation (red line; Fig. 4 ) for almost all climatic variables (only winter total precipitation showed a full tracking scenario across all taxa, Fig. 4 ). All the observed climatic temporal trajectories showed regressions coeffi cients (i.e., β 1 and β 2, ; Appendix S4, see online Supplemental Data) that did not overlap with those expected from either a plateauing or a continuous change scenario (blue line; Fig. 4 ) . Fig. 3 . Fits of ordinary least-squares regression (OLS) for evaluated environmental variables for individual taxa based on their occurrences over the last 16 kyr. Fits based on environmental conditions averaged across sampled grid cells for each thousand-year time interval. Models were fi tted using ordinary least-squares regression (instead of a LMM approach as not all grid cells were sampled on all 16 time periods), and a backward-stepwise selection procedure starting with a full quadratic model specifi cation. All fi ts were scaled to start at zero, so it is possible to compare the response across taxa, and the red dashed line is the expectation under a full-niche tracking and no lag effect scenario. No-niche tracking expectation was omitted for clarity in the fi gure. To facilitate the contrast between observed and expected changes, results for individual taxa are presented in Appendix S2.
When the realized climatic-niche climatic boundaries (i.e., minimum winter temperature and maximum summer temperatures) are considered individually, all taxa in this study tracked both the maximum and minimum temperature boundaries of their climatic niche but did so in a delayed fashion (temporal trajectories of minimum winter temperature and maximum summer temperatures changed over time, and showed slower responses than the no-niche tracking expectations; Fig. 4 ). The tracking of these climatic boundaries indicates the importance of minimum and maximum climatic tolerances in determining the geographical distribution and population dynamics of plant taxa during the late Quaternary. These results agree with those of Ordonez and Williams (2013) , who showed that rates of geographical movement of North American plants during the late Quaternary are correlated with the rates of displacement of minimum and maximum climatic boundaries during the same time period.
Although the observed responses across taxa indicate significantly delayed climatic-niche tracking, large variability in the responses occurred across taxa. This variability can be attributed to several factors that are essential in shaping how species and communities respond to changes in the realized environment: differential exposure to climate change over time, emergence of climatic regions with no past analog, disappearance of past climatic regions with no future analog, or changes in biotic interactions.
Different taxa might experience different future climatic conditions not previously experienced in the past (i.e., future distributions occupy climatic regions that do not have a past realized climatic niche. The reported lagged response of realized climatic niches in North American plant taxa invalidates the assumption of a fi xed realized niche relative to climate variables.
The observed lagged-niche tracking responses are in line with the results of several recent studies, showing how realized climatic niches of North American plant taxa have substantially shifted from late glacial to present realizations Veloz et al., 2012 ) . This lagged response could be the result of different mechanisms (as reviewed by Svenning and Sandel, 2013 in this issue); of which range-fi lling defi cits due to migration lags ( Svenning and Skov, 2004 ; Svenning et al., 2008 ; Dullinger et al., 2012a ) and the disequilibrium between the geographical response of northern and southern range margins ( Dullinger et al., 2012b ; Ordonez and Williams, 2013 ) are the most likely explanations of the observed trends.
As climate changes, taxa may respond by tracking one or more climatic variables, while lagging behind or not responding to other climatic variables. This disparity results in a change of the realized climatic niche space across taxa ( Svenning and Skov, 2004 ; Thomas et al., 2004 ; Bertrand et al., 2011 ; Dullinger et al., 2012b ; Veloz et al., 2012 ) . The differential tracking of changes in temperature and precipitation across taxa has resulted in mixtures of species with no modern analog ( Williams et al., 2001 . By evaluating multiple climatic variables, it was possible to observe the wide array of responses to changes in temperature and precipitation across taxa, indicating a low likelihood that multiple climatic dimensions are simultaneously tracked over time. ORDONEZ-LAGGED CLIMATIC-NICHE TRACKING DURING THE PLEISTOCENE and topographically homogeneous regions ( Loarie et al., 2009 ). These effects on communities are likely because no-analog climate conditions are expected to be the norm, and the velocity of climate change (4.2 km/decade with maximums of 10 to 100 km/decade; Loarie et al., 2009 ) is likely to be greater than the documented migration rates of species since the Last Glacial Maximum (1 to 0.1 km per decade; Davis et al., 1986 ; Clark et al., 1998 ; McLachlan et al., 2005 ; Ordonez and Williams, 2013 ) . The high variability in climatic temporal trajectories reported in this study for North American plants during the late Quaternary and in Europe during the Holocene ( Angert et al., 2011 ) shows the heterogeneity in climatic responses across taxa during the late Quaternary. The magnitude of these changes is determined by the restrictions imposed by climatic conditions (no-analog climates, habitat suitability-availability), migration capacity, and ecological interactions. The individual response to changes in climatic factors has signifi cant implications for understanding the biotic response to current rates of climatic change. The capability of the realized climatic niche of a species to shift in response to changes in climatic conditions provides a base-line estimate of taxon-specifi c extinction probabilities ( Dawson et al., 2011 ; La Sorte and Jetz, 2012 ; Veloz et al., 2012 ) and future community structure ( Thomas et al., 2004 ; Loarie et al., 2008 ) . Thus, a priori knowledge of which species have the potential to change their realized climatic niche and which have had stable climatic niches over time would be useful for conservation biologists and resource managers.
As human management is suggested as a viable strategy to ameliorate the effect of climate change, it is clear that case-bycase decisions must be taken based on the balance between threatened status of a species and the threat of that species for the recipient ecosystem (e.g., assisted migrations; Richardson et al., 2009 ) . Determining the capability of a taxon to track its climatic niche over time could assist in identifying the most appropriate conservation measures ( Williams et al., 2005 ) . For instance, if a taxon is not able to track changing climatic conditions (e.g., Schloss et al., 2012 ) , human intervention might be needed to preserve it over time. However, in many cases there may no longer be any overlap between the current climatic range of a taxon and future realized environments, leading to the extinction of this taxon if it cannot adjust its realized climatic niche space.
Conclusions -Determining how geographical distributions of species have changed in response to novel climatic conditions is of crucial importance in the establishment of baselines and predictions of the effects of near future climatic changes. The observed responses to changes in climatic conditions over the last 16 kyr illustrate how responses in the realized climatic niche lagged behind changes in climatic conditions and are idiosyncratic across taxa. The results of this taxon-based analysis emphasize the idea that the climatic conditions a taxon occupies at any one time represents only a subset of the climate conditions in which a taxon can persist. Changes over time in the realized climatic-niche dimensions of a taxon are determined by the magnitude and velocity of changes in the climatic availability over time. Other factors, however, such as life history characteristics and ecological interactions also play a crucial role in determining these responses. Additional work is needed to disentangle the effect of each of these mechanisms and provide a comprehensive set of tools to assess the ecological risks associated with future climate change.
analog ; Veloz et al., 2012 ), a condition enhanced by different degrees of exposure to climate change particularly at large spatial scales and in topographically diverse areas ( Dawson et al., 2011 ) . As a result, some taxa may occur in areas where climate has changed at a faster rate than areas occupied by other taxa, increasing the chances that the current ranges encompass climatic areas that have no late glacial analog. The occurrence in no-analog areas would represent a shift in the realized climatic niche of range-limited taxa. For example, changes over time in the mean conditions of several climatic dimensions have been shown to be signifi cant for certain rage limited taxa (e.g., Fraxinus , Ostrya/Carpinus , and Ulmus ; Appendix S2) as expressed by large changes in the mean climatic conditions between 16 ka and 1 ka. Meanwhile, the responses to late Quaternary climatic changes for widely distributed taxa as Quercus , Picea , and Pinus have been relatively limited (stable mean climatic dimensions over time), signaling stable realized climatic niches over time (Appendix S2).
As no-analog climatic regions appear due to changing environmental conditions, a taxon with a realized climatic niche preadapted to the emerging conditions could potentially migrate into this region. In many species, migration into the noanalog region would be delayed by lower rates of adaptation of physiological and phenological traits via evolutionary changes ( Nussey et al., 2005 ) or restricted plasticity ( Charmantier et al., 2008 ) . Spatial heterogeneity has the potential to act synergistically with the sensitivity of a taxon to changes in the climatic conditions ( Dawson et al., 2011 ) . As shown in the fossil record, different responses to climate change have been observed over the last 21 kyr (e.g., a given amount of warming may impose different degrees of physiological stress on co-occurring species, which can be true for even closely related species; Somero, 2010 ) , resulting in the emergence of mixtures of species with no modern analog ( Williams et al., 2001 .
Biotic interactions (i.e., competition, predation, parasitism) have the potential to slow the advance or prevent the establishment of colonists into newly suitable habitats. This would result in a further change of the realized climate ( Woodall et al., 2009 ; Van der Putten, 2012 ; Ettinger and HilleRisLambers, 2013 in this issue) . Simulation experiments, fi eld surveys, and the use of invasive species as examples of novel climaticecological associations have shown that the balance between niche breadth, interspecifi c differences in dispersal ability, and competition intensity determine the likelihood of colonists successfully establishing in newly available areas with suitable climate (e.g., Singer et al., 2013 ; Urban et al., 2012 ; Van der Putten, 2012 ; Ettinger and HilleRisLambers, 2013 in this issue; Svenning and Sandel, 2013 in this issue). Ecological associations other than competition have the potential to delay the climatic tracking of certain species ( Singer et al., 2013 ; Urban et al., 2012 ) , with parasitism intensifying the negative effects of climate change ( Harrington et al., 1999 ; Singer et al., 2013 ) and mutualism ameliorating these effects ( Brooks and Hoberg, 2007 ) .
Regardless of the mechanism driving the variability in ecological responses to changes in climatic factors across taxa, these phenomena are expected to result in novel communities, particularly given the evidence of individualistic responses of plant taxa to past climate changes ( Williams et al., 2001 . Disruption of community association, and the emergence of novel communities in the future might be especially common under the current rates of climate change, predominantly in tropical regions ( Williams et al., 2007 ; VanDerWal et al., 2012 ) 
